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Although ultraviolet-B radiation (UV-B; 280-315 nm) is a minor component of sunlight reaching the Earth's surface, this radiation has been believed to have a wide range of effects on the biology and chemistry of terrestrial ecosystems ( Ballaré et al., 2011 ; Zepp et al., 2011 ) . Numerous studies have demonstrated that artifi cial supplementation or fi ltering of UV-B could affect genomes, photosynthesis, morphology, and productivity ( Bornman and Teramura, 1993 ; Caldwell et al., 1995 ; Kataria and Guruprasad, 2012 ) . There is a large variability in the levels of UV-B radiation depending on different weather conditions (such as clouds), anthropogenic factors (such as aerosols), and geographical gradients ( Blumthaler et al., 1997 ; UNEP et al., 2010 ; Ballaré et al., 2011 ; McKenzie et al., 2011 ) . Therefore, it is crucial to evaluate the response of plant performance to natural variations in UV-B levels.
Elevation is one of the most important factors infl uencing the amount of natural UV-B radiation in the fi eld. UV-B radiation increases with elevation because of less relative air mass and higher transparency of the atmosphere to shorter wavelength radiation ( Madronich et al., 1995 ; Dahlback et al., 2007 ) . For instance, at solar elevations between 20 ° and 90 ° in the Chilean Andes, irradiance increased by about 8-10% per km for UV-B ( Piazena, 1996 ) . Correspondingly, differences in UV-B levels along elevation gradients should have a certain amount of infl uence on plants from diverse habitats.
However, current prevailing viewpoint is that UV-B exerts a minimal infl uence at higher elevations on growth ( Caldwell, 1968 ; Sullivan and Teramura, 1988 ) , biomass production ( Kossuth and Biggs, 1981 ; Sullivan et al., 1992 ) and photosynthesis ( Van de Staaij et al., 1995 ; Shi et al., 2004 ) . For example, Caldwell (1968) found that UV-B fi ltering to plants at high elevation had no infl uence on plant growth. Several interpretations have been presented. For example, UV-B radiation is greater at high elevations under sunny conditions, but the frequent occurrence of clouds may confound the effects ( Körner, 2007 ) , implying that UV-B is not an important factor for plants at higher elevations. Alternatively, plants at higher elevations may have been already well adapted to solar UV-B radiation ( Körner, 2003 ; Boelen et al., 2006 ) , including leaf morphological adaptation (i.e., epicuticular wax or trichome) to improve the surface and epidermal refl ectance of UV-B radiation ( Holmes and Keiller, 2002 ; Ruhland et al., 2013 ) and UV screening mechanism by accumulation of UV-absorbing compounds (i.e., fl avonoids) ( Filella and Penuelas, 1999 ; Newsham and Robinson, 2009 ) .
DNA is one of the major targets of UV damage. UV-B radiation can directly alter DNA structure by generating photoproducts, including the cyclobutane pyrimidine dimer (CPD), which accounts for ca. 75% of UV-induced DNA damage and pyrimidinepyrimidone (6-4) photoproducts, which account for most of the remaining ( Mitchell and Nairn, 1989 ) . Therefore, CPD level has frequently been used to evaluate DNA damage ( Hidema et al., 2007 ; Turnbull and Robinson, 2009 ). Such DNA damage may impede replication and transcription, reduce genome stability, induce mutations, or kill organisms ( Ries et al., 2000 ; Hoeijmakers, 2001 ; Sancar et al., 2004 ) . Furthermore, CPD is the principal cause of UV-B-induced inhibition of growth of rice plants ( Hidema et al., 2007 ) . Experiments manipulating the UV-B level in fi eld plants have shown that the CPD level increases with increasing amounts of UV-B ( Ballaré et al., 1996 ; Rousseaux et al., 1998 ; Hidema et al., 1999 ; Mazza et al., 1999 ; Lud et al., 2002 ; Newsham and Robinson, 2009 ). Moreover, in two studies in polar regions, DNA damage in native plants increased with the increased level of UV radiation resulting from an enlargement of the ozone hole ( Rousseaux et al., 1999 ; Turnbull and Robinson, 2009 ) . As far as we know, however, no studies have examined DNA damage induced by natural UV-B radiation at higher elevations.
In the present study, we hypothesized that CPD content is greater at higher elevations due to greater UV-B radiation. To test this hypothesis, we studied Polygonum sachalinense and Plantago asiatica , which grew at a wide range of elevations. Since we expected that both UV-B and CPD levels vary greatly over time due to solar tracking and weather conditions, we harvested leaves of the plants growing at two elevations from morning to evening on days with different weather conditions and quantifi ed CPD.
MATERIALS AND METHODS
Study site and species -Mt. Zao (38 ° 05 ′ N; 140 ° 34 ′ E) is a complex volcanic mountain with its summit at 1841 m above sea level (a.s.l.), situated on the border between Yamagata and Miyagi Prefectures in northern Japan. Due to Asian monsoons, the climate is very humid with high rainfall in summer (especially in July) and snow in winter. At high elevation, snow cover remains until June. The soil is classifi ed as Andisol. Vegetation changes along elevational gradients: there are plantations of Cryptomeria japonica and Larix kaempferi with secondary forests consisting of Quercus crispula and Fagus crenata below 1400 m a.s.l.; conifer forests consisting of Abies mariesii from 1400 to 1650 m a.s.l.; and alpine meadows above 1650 m a.s.l.
Two perennial herbs Polygonum sachalinense F. Schmidt [ Reynoutria sachalinensis (F. Schmidt) Nakai, or Fallopia sachalinensis (F. Schmidt) Nakai] and Plantago asiatica L., widespread species in Japan, were growing in disturbed areas at a wide elevational range on Mt. Zao. We used each species from its population growing in open areas at 300 and 1700 m a.s.l.
Radiation and temperature measurements -We determined the solar spectrum at the 300 and 1700 m sites on a sunny day, 21 August 2012, with a spectroradiometer (USR-45DA, USHIO Inc., Tokyo, Japan, within 0.2% vs. full scale (at 25 ° C). Photosynthetically active radiation (PAR; 400-700 nm) and UV-B radiation (280-315 nm) were concurrently measured with a quantum sensor (LI-190SA; LiCor, Lincoln, Nebraska, USA) and a UV-B sensor (SD204B2-Cos, Irradian, Tranent, UK), respectively, with a data-logger (LI-1000; LiCor). After adjustment and calibration according to the manufacturer's instructions before the measurements, two paired sensors were set in an open area beside the plots that received no shade throughout the day, at 300 and 1700 m a.s.l. in the early morning, with a record mode of 10-min intervals. Temperature was recorded at 30-min intervals using a HOBO Pendant Temperature/Light Data Logger at each site, which was hung on a branch of neighboring plants (around 50 cm above the ground) in the stand to avoid exposure to direct sunlight.
Sampling -Eleven sampling dates were selected to include different weather conditions from July to September 2012: 29-31 July; 14, 15, 18, 20-22 August; and 15 and 26 September. Weather conditions were rainy on 18 August, completely cloudy on 14 and 15 August, and partly sunny on the other days. To capture typical diurnal variation of UV-B radiation, we collected samples at the following four time categories: 8:00-10: 30, 10:30-12:30, 13:00-15:30, and 15:30-17:30 . Two leaf discs per shoot were taken from a leaf with a leaf punch (1 cm diameter) from fully expanded new leaves that were exposed to sunlight and were immediately wrapped with aluminum foil and immersed in a container fi lled with liquid nitrogen. For each sampling time at an elevation, we collected leaf discs from six shoots of different individuals for each species with similar normal growth in the same habitats. Samples were taken back to the laboratory (Sendai city) and stored in the freezer at −80 ° C until biochemical assays. In the CPD assay, four discs from two shoots were combined as one [Vol. 101
RESULTS
The solar spectrum was similar between the sites at 300 and 1700 m a.s.l. when the sky was clear (Appendix S1, see Supplemental Data with the online version of this article). Photosynthetically active radiation (PAR), UV-B radiation, and air temperature signifi cantly varied at each site depending on the time of day, date, elevation, and their interactions ( Table 1 ) . Both PAR and UV-B that were averaged across days showed a similar diurnal change, peaking at noon ( Fig. 1 ). There was a signifi cant variation in daily mean PAR and UV-B among days (Appendix S2b, c). While the mean PAR during the measurement was greater at low elevation (854 µmol·m -2 ·s -1 ) than at high (827 µmol·m -2 ·s -1 ), the mean UV-B radiation was greater at high elevation (1.90 W·m -2 ) than at low (1.70 W·m -2 ) with an increasing rate of UV-B radiation of 8.4% km -1 . Higher UV-B radiation was more frequent at the high elevation ( Fig. 1B ) . The mean air temperature was higher at low elevation (30.3 ° C) than at high (24.6 ° C; Appendix S2a).
The generalized linear model (GLM) indicated that the CPD levels signifi cantly differed depending on the time of day, date, elevation, and their interactions in each species ( Table 1 ) . At both elevations, the CPD levels exhibited a signifi cant diurnal variation ( Table 1 , Fig. 2 ). It increased from morning to a peak at noon and then decreased. The CPD level also varied among days at both elevations (Appendix S3). With increasing elevation, the average CPD level increased from 8.70 to 9.38 and from 26.07 to 28.35 CPD·Mb -1 in P. sachalinense and P. asiatica , respectively. Large CPD values were also more frequent at high elevation in both species ( Fig. 3 ) . The CPD level of P. asiatica was 2.5-fold greater than that of P. sachalinense.
Stepwise multiple regression analysis indicated that only UV-B was a signifi cant explanatory factor for P. sachalinense ( R 2 = 0.233, P < 0.0001) and P. asiatica ( R 2 = 0.081, P < 0.0001), while temperature, elevation, and PAR were eliminated ( Table 2 ). The CPD levels had a signifi cantly positive correlation with UV-B radiation ( Fig. 4 ) .
The concentration of UV-absorbing compounds decreased with elevation in P. asiatica ( t = 9.22, P < 0.0001), whereas it did not differ signifi cantly in P. sachalinense ( Table 3 ) . The values were higher in P. sachalinense than in P. asiatica . sample; thus, the sample size was three. To evaluate UV absorbance of two species, fi ve additional samples were collected at noon on 29 July.
DNA extraction, treatment of DNA with UV endonuclease, and alkaline gel electrophoresis -All procedures of DNA extraction and UV endonuclease treatment of DNA have been previously described in detail elsewhere ( Hidema et al., 2000 ; Teranishi et al., 2004 ) . UV endonuclease was purifi ed from Micrococcus luteus by streptomycin and ammonium sulfate precipitations. The activity was 7 × 10 -14 cleaved CPD·µL -1 ·h -1 . According to their single-strand molecular lengths, DNA molecules were dispersed by alkaline agarose gel (0.7%) electrophoresis using static fi eld and biased sinusoidal fi eld gel electrophoresis (Genofi eld; Atto Co., http://www.atto.co.jp) ( Hidema and Kumagai, 1998 ) . The molecular length markers were DNA from Hansenula wingei chromosomes (smallest 1.05 Mb; Bio-Rad; http://www.bio-rad.com), T4 (170 kb), λ DNA (48.5 kb), and the HindIII digest of λ DNA (23.1, 9.4, 6.6, 4.3, and 2.3 kb).
Cyclobutane pyrimidine dimer (CPD) analysis -The CPD frequencies were determined by a DNA damage analysis system constructed by Tohoku Electric Co., as previously described ( Hidema and Kumagai, 1998 ) . The CPD frequency, expressed as units of CPD·Mb -1 , is calculated as the quantity of DNA at each migration position shown in the quantitative image data based on a standard curve for molecular length ( Freeman et al., 1986 ) .
Quantifi cation of UV absorbance -Concentration of UV-absorbing compounds was measured for UV absorbance according to Teranishi et al. (2004) . Briefl y, UV-absorbing compounds were extracted with 1% (v/v) HCl in 70% (v/v) methanol (fi nal concentration) at 4 ° C for 24 h. The extract was centrifuged at 1800 × g for 15 min. Due to interspecifi c differences in UV absorbance, the amounts of absorbance in the supernatant were spectrophotometically scanned from 300 nm to 500 nm, then the absorbance peak was determined for UV-absorbing compounds. Absorbance was measured with a V-550 UV/VIS spectrophotometer (JASCO Ltd., Tokyo, Japan). The ultimate concentrations were expressed in units of leaf area (cm −2 ).
Data analysis -Analysis of variance (ANOVA) without replication was used to assess the effects of elevation, time of day, and date on environmental factors (air temperature, UV-B, and PAR). Mean values for each time category were calculated for temperature and dose values were calculated for UV-B and PAR. Generalized linear model (GLM) was used to analyze the effects of elevation, the time of day, and date on CPD level. Stepwise multiple regression analysis was employed to determine the relationships between CPD and growing conditions, performed with a signifi cance level for entry (SLE = 0.10) and stay (SLS = 0.10). The optimal regression was selected with the value of Mallow's Cp. An unpaired t test was used to compare concentrations of UV-absorbing compounds between elevations. All statistical tests were performed using SAS version 8.1 (SAS Institute, Cary, North Carolina, USA). UV damage strongly depends on weather conditions and may not be a simple function of elevation when cloud cover is frequent (e.g., cloud forests).
The stepwise multiple regression analysis indicated that the variation in the CPD level was solely affected by the UV-B level, and other factors had no signifi cant effects ( Table 2 , Fig. 4 ). While it has been well known that artifi cial manipulation of UV-B can infl uence plant performance and the CPD level Hidema et al., 2007 ; Kataria and Guruprasad, 2012 ) , our result is the fi rst report on a correlation between the UV-B level and resulting damage at various elevations in the natural environment. It is known that CPD is specifi cally produced by UV-B radiation ( Britt, 1996 ( Britt, , 2004 , while the CPD repair process involves enzymatic activity (CPD photolyase), that requires light (300-600 nm) ( Britt, 1996 ) . Because the actual CPD level results from the balance between CPD production and repair, the CPD level is potentially infl uenced by various environmental factors (e.g., temperature and visible light). However, our results suggest that the CPD level is primarily explained by the UV-B level, and the effects of other factors are minor.
It should be noted that the CPD level varied greatly even when compared with the same UV-B level ( Fig. 4 ) . We have no direct evidence to explain the variation. Because many leaves
DISCUSSION
The present study demonstrated that plants grown at higher elevation suffered from UV-B more than those grown at lower elevation; the mean value of CPD levels of two species was signifi cantly infl uenced by higher elevation ( Table 1 ) , and a greater frequency of higher CPD levels was also observed at 1700 m a.s.l. ( Fig. 3 ) . As far as we know, this result is the fi rst report of a signifi cant increase in UV damage to plants with increasing elevation. Our results are not necessarily consistent with previous studies, which have indicated that there is less or no UV-B effect on the growth of plants at higher elevations ( Caldwell, 1968 ; Searles et al., 2001 ; Turunen and Latola, 2005 ) . Our study evaluated the effect of UV on DNA, which is the primary target of UV stress, while previous research focused on phenotypic characteristics, which might be confounded by other factors.
In our study, the UV-B level signifi cantly increased with elevations at a rate of 8.4% km -1 on average, which is consistent with other studies (e.g., Piazena, 1996 ) . However, the UV-B level was signifi cantly affected by weather and was often greater at lower elevations when it was sunny only at that elevation. The CPD level also varied signifi cantly with time, and CPD levels were not always higher at high elevation. Therefore, Bryum pseudotriquetrum and 27% higher in Ceratodon purpureus than during post-solstice accumulation. However, the effects of UV-induced damage in DNA on plant growth and reproduction are not well understood. Further studies are necessary to elucidate whether UV stress on DNA damage infl uences gene expression, metabolism, morphology, and other plant phenotypes.
In our stepwise analysis, the effect of elevation on the CPD level was not signifi cant, whereas that of UV was signifi cant; thus, the variation in CPD level was mainly explained by the variation in UV, and other factors that differed between the two elevations were not infl uential on the CPD level. In particular, there seemed to be no genetic differentiation between the highand low-elevation populations in each species. Actually, neither species had an increase in the concentration of UV-absorbing compounds as elevation increased. This result contrasts with results of other studies in which plants of species at higher elevations had a higher concentration of UV-absorbing compounds than at lower elevation ( Turunen and Latola, 2005 ; Ruhland et al., 2013 ) . If plants in highland population had greater protection against UV-B, then they should have a lower CPD level at a given UV-B level. Our results imply that, although UV-B level increases with elevation, it is not a selective pressure for these species. Alternatively, it is probable that not enough time has passed since these species invaded the higher areas for evolution of any adaptations. The road to the high elevation site was established in 1964, and these species might have invaded after that because the distribution of these species often depends on human activity. In other words, ecotypes adapting to high and low elevations may differ in their sensitivity to UV-B. Further study may be necessary to assess plant evolution to the increased UV-B conditions at higher elevation.
In summary, our study clearly revealed that UV-induced DNA damage in plants generally increased with elevation, irrespective were required for the present study, we collected leaves from various individuals. Variations may have been due to factors involved with the leaf samples. For example, leaf angle can affect the level of UV-B that is intercepted, while nutrient availability can infl uence the concentration of UV-absorbing compounds ( Hunt and McNeil, 1998 ; Lavola et al., 2003 ) .
The CPD levels varied between the studied species: 8.7-9.4 CPD·Mb -1 in P. sachalinense and 26.1-28.4 CPD·Mb -1 in P. asiatica ( Figs. 2, 3 ) . Furthermore, these values were greater than those found in a previous study: 3-6 CPD·Mb -1 in rice ( Hidema et al., 1999 ) . The greater CPD level in P. asiatica than in P. sachalinense can partly be ascribed to the lower concentration in UV-absorbing compounds in P. asiatica . It is questionable whether the high values of the CPD level in P. sachalinense and P. asiatica have negative effects on survival, growth, and reproduction. However, we did not observe any obvious damage on leaves, and plants appeared to grow normally and produced seeds as in other environments. These results are in contrast to experimental results in which plant growth decreased by 30% when CPD level increased from 1 to 4-6 CPD·Mb -1 when UV radiation was enhanced ( Hidema et al., 2007 ) . Some species may have mechanisms for tolerance that enable growth irrespective of the CPD levels in leaf tissues.
In the present study, the increase in the CPD level from 300 to 1700 m was only 7.8% in P. sachalinense and 8.7% in P. asiatica . These values are small compared with previous studies on UV supplementation or ground-level UV enhanced by ozone holes in Antarctica. For example, Rousseaux et al. (1999) detected that the CPD density in Chiliotrichum diffusum under the ozone hole was 65% greater than that after the ozone hole passed. Also in Antarctica, Turnbull and Robinson (2009) found that pre-solstice CPD accumulation was 47% higher in 
